Abstract. A mixed light source generates various colors, with the potential to adjust intensities of multiple LEDs, which makes it possible to generate arbitrary colors. Currently, PCs and OSs provide color selection windows that can obtain the RGB or HSL color coordinates of a user's selection. Mixed light sources are usually composed of LEDs in the primary colors, with LEDs in auxiliary colors such as white and yellow used in a few cases. When using auxiliary color LEDs, the number of LED inputs, the dimming levels, is larger than the number of elements in the color coordinate, which causes an under-determined problem. This study proposed how to determine the dimming levels of LEDs based on the selected color. Commercial LEDs have different optical power values and impure color coordinates, even if they are RGB. Hence, the characteristics of the LEDs were described using a linear model derived from the tri-stimulus values (an XYZ color coordinate model) and dimming levels. Color mixing models were derived for the arbitrary number of auxiliary color LEDs. The under-determined problem was solved using a simplex search method without an inverse matrix operation. The proposed method can be applied to a machine vision system and an RGBW light mixer for semiconductor inspection. The dimming levels, obtained using the proposed method were better than derived using other methods.
Introduction
The light sources used in industrial machine vision normally utilize one of the primary colors, red, green, and blue (RGB), whose intensities can be varied by adjusting the input level of the electric current. [1] The light color affects the performance of the inspection machine as well as the circadian rhythms of workers in factories. [2, 3] Hence, the light color is important in manufacturing process but the color selection is limited at the hardware level when using a single light source. A mixed light source can generate various colors by combining RGB LEDs and is constructed using an optical mixer such as a collimator, [4] micro-lens array, [5] shell mixer, [6] diffuser, [7] or bundle of optical fibers. [8] Although such a mixed light source can generate various colors, the spectral ranges of highpower LEDs are constant. Therefore, auxiliary color LEDs are applied to a mixed light source when spectral-range flexibility is required. In this case, the color combination is called 'RGB and white' (RGBW) or 'RGB and yellow' (RGBY). A commercial IC for controlling a four-channel mixed source has already been introduced. [9] A color mixing algorithm determines the input level, the dimming level, of the mixed light source for a specified purpose using a numerical method. The pura e-mail: htkim@kitech.re.kr b e-mail: stkim@kitech.re.kr c e-mail: jongseok@kitech.re.kr d e-mail: kcjin@kitech.re.kr e e-mail: hskim@kitech.re.kr Figure 1 . Concept of color selection and light mixing pose can involve improving the image quality, [10] determining optical spectrum, [11] and aiming desired color coordinate. [12] Commercial LEDs have typical colors. However, these colors usually contain RGB elements even in the case of RGB LEDs. Thus, the color that an LED generates is composed of the primary colors, and a light mixing model can be shown in linear combination with individual LEDs. [13] The linear relation is formed using one of the various color coordinate systems such as tristimulus (XYZ), color temperature and CIE. Linear forms have commonly been applied to RGB mixers, [14, 15] and Sisto proposed an expanded model with an arbitrary number of LEDs. [16] Sisto's model can be applied to a mixed light source using auxiliary color LEDs for selected color generation. An RGBW source is the most common type and its linear models were discussed in relation to designing a controller. [15, 17] The color selected by a user has 
Linear Mixing Model

Additive Color Model for Arbitrary LEDs
The specific color preferred in the manufacturing field is selected by a human operator. A PC-based system provides a user-friendly interface for selecting this color, such as Windows TM Paintbrush, as shown in figure 1 . The RGB or HSL coordinates can be obtained after selecting the color in the window. The RGB coordinates in a PC are usually called sRGB which can be converted to XYZ valuyse using the following equation.
sRGB coordinates have an 8-bit resolution, but the XYZ coordinates can have a higher resolution. In this case, a scale factor c must be considered. The M matrix has constant elements which can be found in many articles. 
An actual LED generates a specific color of light. However, this color has all of the RGB elements even if it uses primary color LEDs. In the XYZ color coordinate system, the intensity commonly shows linearity between the dimming levels and generated light color. Generalized coordinate P in the XYZ coordinate system and Q for the dimming level are defined to show this linearity. The following equation is an example for a red LED.
The general form of the dimming level and XYZ color coordinates can be written as follows.
where i is one of the elements of the XYZ color coordinates and j is one light of multiple LEDs in a mixed light source (-such as one of the RGBWY LEDs). The value of q j can simply be determined as proportional to the RGB space, which is called a direct model. The LEDs in the mixed light source are driven simultaneously using dimming level q j and the XYZ color coordinates of the mixed light, p i , can be found as the summation summation of the individual LED lights.
Equation (5) can be written in matrix form as follows.
[16]
A is a not full rank matrix. Therefore, the pseudo-inverse can be applied to obtain Q.
Equation (8) is an inverse model and exact solution, which can be physically wrong when it has negative values or is outside the limit. The dimming levels of a light source range from zero to the upper limit. The inverse matrix mathematical operation is sensitive compared to other numerical methods. Therefore optimum methods were considered in this study.
Linear Programming
Linear programming is one of the multi-dimensional, direct, non-differential optimum methods that is used when a problem is composed of linear equations. [19] Therefore, the cost function, constraints, and equations must be written as linear equations. The following equation is a common form of a cost function, and c T = (1, 1, 1, 1) was applied to minimize the dimming levels for the square sum.
Constraints can be obtained from equation (6) and the nonnegative values of Q.
The interior-point method (IPM) was applied to solve this linear programming. 
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Simplex Search Method
The SSM is a popular for solving the cost function and constraints. The SSM organizes a probe network using candidate points of dimming inputs, Q. The number of probing points is dim(Q)+1. The best and worst points were defined using an index calculated from the following equation.
The transformation of the simplex in 2D problems is shown in figure 2 . An extension line can be defined from the worst point through a centroid. A reflection point can be defined out of the simplex on the extension line. If the reflection point is a new minimum, an expansion point is defined at double the distance of the reflection point on the extension line. The worst point is replaced by one of the reflection and expansion points. If the reflection point is not a new minimum, a contraction point is defined in the simplex on the extension line. The contraction point is not a new minimum, but the simplex is shrunken toward the best point. The sorting of the worst and best points, reflection, expansion, contraction, and shrinkage are iterated until the size of the simplex becomes sufficiently small or does not vary. After determining dimming levels using SSM, the XYZ color coordinate of a mixed light generated by the dimming levels can be converted into CIE1931 xyY coordinates as follows.
Experiment
The proposed algorithms were applied to a machine vision system for semiconductor inspection which was presented in our previous studies. [1, 21] . The mixed light source had four high-power LEDs with RGBW colors (KLS-150, Kwangwoo). Its had 11-bit dimming levels, which could be adjusted through RS-232C. The mixed light generated from the color source was transferred through a bundle of optical fibers to a coaxial lens (COAX, Edmund). An industrial camera was attached at the top of the coaxial lens, and the bundle was connected at the side of the coaxial lens. The mixed light was transmitted to a target object in the coaxial lens. The color coordinates of the target object were acquired using a chroma meter (CL-200A, KonicaMinolta). The color selection was made on an RGB coordinate system like the color dialog of Windows Paintbrush. The dimming levels of the mixed light source were determined using the proposed algorithm. A and B matrices had to be obtained for the coefficients of the linear model. XYZ color coordinates were measured using the chroma meter as the dimming level of each LEDs increased. The coefficients and correlation of the measured values were calculated using linear regression. Table 1 lists the coefficients and the correlation between the dimming levels and the color coordinates. Commercial LEDs have XYZ elements, even if they are pure color LEDs, as shown in the table. The correlations were almost 1.0, which indicated good linearity. After the coefficients were determined, the responses of the mixed light source and proposed algorithm were simulated by varying the intensity of the color level in the sRGB space. The RGBW, cyan, magenta and yellow (CMY) intensities in the RGB space increased from zero to the maximum, and the responses were monitored using CIE1931 xyY coordinates.
Results
The luminance variation by the intensity level of sRGB is shown in figure 3 . The targeting line, luminance, was determined by increasing the color intensity, and the solutions obtained using the discussed method must had to followed the black line. The dimming level determined using the SSM most accurately followed the targeting line, compared with the other methods. Figure 4 shows that the CIE 1931 coordinates deviate from the selected color when the blue, yellow and white levels in the sRGB space increased from zero to the maximum. The coordinate variation by the SSM began from the farthest position in figure 4(a) , which was the largest deviation for the methods in the experiment. However, it approached zero after the sRGB level increased to 10/255. The coordinate deviations by the IPM and inverse matrix were similar. In figure 4 (b) and (c), the coordinate deviations by SSM were the largest in the low luminance. However, they converged to zero after the sRGB level increased to 32/255 and 10/255, which indicates exact color generation. In many cases, the convergence speed by the SSM was faster and the deviation was the smaller under normal luminance compared with the other methods. The SSM showed the lowest deviation except in low dimming levels (approximately 51/255). The characteristics of the color coordinate deviation and luminance were better for an RGBW source. Therefore, the SSM could be used for the accurate generation of selected colors, compared with other methods in normal luminance.
Conclusion
This study considered the use of the SSM, one of the optimum algorithms, for generating exact colors in industrial lighting systems. Commercial LEDs have all three elements of RGB colors, even if they are called pure color LEDs. Therefore, an exact solution can have an incorrect physical meaning. After constructing a linear model between the dimming levels and XYZ color coordinates, the SSM was used to determine the dimming levels for a selected color. The results show that the proposed method was the most accurate in selected color generation.
